ABSTRACT In multi-terminal HVDC (MTDC) grids, the voltages and currents at the converter DC terminals can be accurately regulated by the control of converter stations. For the DC line currents in meshed MTDC (M 2 TDC) grids, they are naturally distributed based on the line resistance and the voltage difference at DC ports, which greatly affects the controllability and optimal distribution of the DC power/current flow. In this paper, regarding different configurations of positioning (COP) DC CFCs in M 2 TDC grids, the dynamic behaviors and optimized configuration scheme are investigated. Firstly, topological structure of a generalized M 2 TDC is presented. Two different COP schemes for double DC CFCs in a four-terminal M 2 TDC grid are proposed according to control objectives of the DC current flows. Secondly, in order to achieve the coordinated control of DC line currents and capacitor voltage of the DC CFC, a generalized voltage-droop control strategy is applied. It can be applicable to multiple DC CFCs under different COP without the need of communication. Apart from that, considering the impact of DC CFCs under specific COP on the control characteristics of DC current flows and control margins, an auxiliary control strategy, which is capable of mitigating the confliction of multiple DC currents, is proposed. It can effectively improve the control performance of the DC CFC. Based on the time-domain simulation PSCAD/EMTDC, the M 2 TDC grids with different COP of DC CFCs are established. The merits and drawbacks of different COP, in terms of the complexity and implementation of control systems, dynamic behaviors in mitigating transient voltage spikes and current surges, control margins and robustness of the controller design, are discussed. In addition, the effectiveness of the proposed generalized voltage-droop control and auxiliary control strategies is verified with an optimized COP scheme of multiple DC CFCs proposed.
I. INTRODUCTION
The increasing maturity of power electronics technology provides a strong device basis for the development of high-voltage direct current (HVDC) applications [1] - [5] . Ultra-HVDC (UHVDC) and voltage-sourced converter (VSC)-based HVDC technologies have been used in power grids worldwide. Similar to the development of the traditional AC grids, the topology of DC grids will inevitably develop from radial to meshed type [6] , [7] . However, in comparison
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with radial-type DC grids, the main problem with meshed DC grids is that DC line currents cannot be fully controlled by the regulation of terminal converter stations, necessitating the introduction of DC current flow controllers (CFCs) in a meshed multi-terminal HVDC (M 2 TDC) grid. The DC CFCs increase the control freedom of currents in the M 2 TDC network and full controllability of the DC line currents can be realized. Thus, optimized current flow and increase of the transmission capacity in the M 2 TDC grid can be achieved.
Three types of DC current/power flow controllers (CFCs/PFCs) have been proposed so far, i.e. inserting variable resistances into the DC lines [8] , [9] , applying DC VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ transformers [10] , [11] , and using equivalent controllable voltage sources into the DC lines [12] - [16] . Apart from the aforementioned three types, new topological structure and control methods of DC CFCs/PFCs have been improved and proposed. A DC PFC with an embedded mode of dual voltage sources was proposed in [17] . It solved the issue of capacitor voltage fluctuations and reduced its rated power through the power balancing mechanism. In [18] , a parallel full-bridge PFC consisting of IGBTs and capacitors was proposed. It could achieve bidirectional control of DC power flows. With the expansion of the transmission grid and the increase of complexity, e.g. increasing number of converter terminals and transmission lines, single DC PFC proposed in [17] , [18] might not be able to achieve full control of the DC currents in more complex DC networks. Therefore, adding multiple DC CFCs in M2TDC grids is of necessity.
For the configuration approach of DC PFC/CFC, a configuration method based on the calculation of sensitivity was proposed in [17] for a single-point voltage-controlled DC PFC. However, the current sensitivity was calculated without considering the control of multi-point voltages.
In [18] , in order to expand the operational space of power flow and ensure safe operation of the system, a configuration method of achieving equalization of the power flow was proposed. However, only the equilibrium degree of the rate of the line loads was considered, while its precise value was not considered. It might result in further increase of the load rate of certain overutilized transmission lines. The fact that introductions of DC PFC could reduce grid power losses was described in [19] . Configuration method and ratio calculation for DC PFC were conducted with the objective of minimizing the power losses of the DC network. However, results indicated that DC PFCs had limited impact on reducing the power losses. To date, there has been less research regarding the optimal number, location and parameters of multiple DC CFCs in M 2 TDC grid, which necessitates analysis and optimization of dynamic behaviors of multi-DC CFCs with different configuration positions in complex M 2 TDC grids as so to maximize the functionality of the DC CFCs.
In this paper, regarding a four-terminal M 2 TDC grid with two DC CFCs, the impact of different configuration positions and control strategies of the DC CFCs on the dynamic behaviors is investigated with the main contributions as follows. Table 1 . The control objectives of the converters are provided in Table 2 . 
2) CONTROL STRATEGIES OF M 2 TDC GRIDS
Without the equipment of DC CFCs, the line currents of the M 2 TDC grid are naturally distributed according to the In order to achieve full controllability of the currents in the M 2 TDC grid, e.g. to regulate the line currents to the values shown in Table 4 , installations of DC CFCs are essential. The installation number, position and scale of the DC CFCs deserves analysis. This paper mainly focuses on the number and COP of the installation of two-line DC CFCs, while different scales of the DC CFC is not the main emphasis.
B. TOPOLOGICAL SRTUCTURE OF THE M 2 TDC GRID WITH MULTIPLE TWO-LINE DC CFCS
According to the generalized four-terminal M 2 TDC grid illustrated in Fig. 1 , the control degree of the grid is analyzed.
where, n is defined as the number of the grid terminals, (it is to be 4 in the four-terminal grid), and m is defined as the number of the grid lines, (it is to be 5 in the five-line grid). As a result, the control degree of the four-terminal M 2 TDC grid studied in this paper is 2. In order to achieve full controllability of the 4-terminal M 2 TDC system, it is essential to add 2 control degrees to the system. According to the installing of the two-line DC CFC, the control degree of which is 1, two two-line DC CFCs are needed in different positions of the M 2 TDC grid. In addition, it is not allowed that there is one branch equipped with two DC CFCs. The power losses of the DC CFCs under COP1 and COP2 schemes are 1.67 MW and 0.98 MW respectively, which are not significant compared with the active power transmitted of the M 2 TDC grid (209 MW). Therefore, the power losses due to active DC CFCs do not affect the overall performance. As the number of DC CFCs installed in the grid is determined, the positions of the installation of two-line DC CFCs will be studied as follows.
In order to investigate the impact of different positions of the DC CFCs on the control performance, different COP schemes are proposed in this paper. For the four-terminal M 2 TDC grid investigated in this paper, there are altogether eight COP schemes to configure two 2-line DC CFCs. Among them, two typical COP schemes are taken for analysis, which can reflect the other similar conditions. Hence, only COP1 and COP2 schemes are considered and analyzed in this paper.
1) COP SCHEME 1
In COP Scheme 1, two DC CFCs are installed at T 2 and T 3 , as illustrated in Fig. 2 , where DC CFC-1 controls the current on line 12 (i 12 ) and its capacitor voltage (u c1 ), while DC CFC-2 controls the current on line 13 (i 13 ) and its capacitor voltage (u c2 ). With the addition of control degrees of i 12 and i 13 , the control degree of the M 2 TDC grid is balanced, i.e. the control of line currents in the M 2 TDC grid will be fully achieved. Due to the fact that the functionality of a DC CFC can be regarded as a controllable voltage source on the installed branches, a mathematical model of the M 2 TDC with integration of two DC CFCs can be derived as follows. In order to achieve the control objectives in Scheme 1, the directions of the line currents equipped with DC CFCs are analyzed: 1) the directions of i 12 and i 24 equipped with DC CFC-1 are the same, i.e. exporting from T 2 ; 2) the directions of i 13 and i 34 equipped with DC CFC-2 are opposite, i.e. i 13 imports into T 3 , while i 34 exports from T 3 . The directions of the line currents equipped with DC CFCs have a significant impact on the dynamic behaviors of the DC CFCs, which will be analyzed in Section III.
2) COP SCHEME 2
In COP Scheme 2, two DC CFCs are installed at T 1 and T 2 , as illustrated in Fig. 3 , where DC CFC-1 controls the current on line 12 (i 12 ) and its capacitor voltage (u c1 ), while DC CFC-2 controls the current on line 13 (i 13 ) and its capacitor voltage (u c2 ). With the addition of control degrees of i 12 and i 13 , the control degree of the M 2 TDC grid is balanced, i.e. the control of line currents in the M 2 TDC grid will be fully achieved. In order to achieve the control objectives in Scheme 2, the directions of the line currents equipped with DC CFCs are analyzed: 1) the directions of i 12 and i 24 equipped with DC CFC-1 are the same, i.e. exporting from T 2 ; 2) the directions of i 13 and i 14 equipped with DC CFC-2 are also the same, i.e. exporting from T 1 .)
It can be obtained that there is a DC CFC in Scheme 1, where the current directions of the lines are different. While in Scheme 2, the current directions of the lines equipped with two DC CFCs are the same.
III. CONTROL STRATEGIES OF MULTIPLE DC CFCS UNDER DIFFERENT COP SCHEMES
In order to realize effective control of the line currents in the M 2 TDC grid with two different COP schemes, two control strategies of the DC CFCs, a generalized voltage-droop control and an auxiliary coordinated control, are proposed.
A. GENERALIZED VOLTAGE-DROOP CONTROL STRATEGY
In this paper, a generalized voltage-droop control strategy [20] based on the conceptual idea of droop control is applied as shown in Fig. 4 . For the DC-DC converter on branch kj, the measurement of the branch current, i kj , is compared with the current reference, i kjref . Meanwhile, the measurement of the capacitor voltage, u ck , is compared with the voltage reference, u ckref . The current error, i kj , is scaled by droop gain D k , and is summed with the signal generated by scaling of u ck with the coefficient (1 − D k ). The addition result passes through a PI controller to obtain the duty cycle, d kj , which is then used for generating the firing signal for the switch, S Ckj .
According to Fig. 4 , the following relationships can be derived for the DC-DC converter on branch kj.
For the applied voltage-droop control, the combined impact of both the line current and capacitor voltage is considered. In addition, the control of the voltage across the common capacitor is not achieved by the control of a single DC-DC converter but is shared by both DC-DC converters.
B. AUXILIARY COORDINATED CONTROL STRATEGY
When COP scheme 1 is applied in the four-terminal M 2 TDC grid as shown in Fig. 2 , control objectives cannot be achieved by the DC CFCs with the generalized voltage-droop control strategy. The main reason is that effective control of DC CFC-2 cannot be achieved, while that of DC CFC-1 is feasible. According to the control performance of DC CFCs, an auxiliary control strategy needs to be designed to improve their dynamic behaviors. The specific analysis will be carried out as follow.
In Scheme 1, a simplified model of DC CFC-1 installed on branch 12 and branch 24 is shown in Fig. 5 . Line currents, i 12 and i 24 , are in the same direction as i 2 . The energy exchange between line currents and common capacitor is realized through the control of two sub-modules (SMs), SM 1 and SM 2 . As shown in Fig. 5 , the specific process of energy exchange is illustrated. i 12 decreases (increases) by charging (discharging) the common capacitor, while i 24 increases (decreases) by discharging (charging) the common capacitor. As a result, the control of line currents is achieved when the capacitor voltage is well stabilized, indicating the energy exchange on the capacitor reaches a balancing state. The relationship of charging/discharging process of exchanging currents within DC CFC-1 can be expressed as follow.
where, i 12 , i 24 and i 2 are the changes of i 12 , i 24 and i 2 , i C1 is the change of the capacitor current, i C1 . When the amount of i 12 and i 24 is equal, indicating that the change of i 12 (i 24 ) has completely been transferred to i 24 (i 12 ), thus i 2 is 0. Based on the relationship of (10), i C1 is now 0, indicating that u c1 has reached an equilibrium with a constant value. It can be seen from Fig. 5 and (10) that when the current directions of the lines on which the DC CFC is installed are the same, effective control of the line currents can be achieved by the charging/discharging of the common capacitor of DC CFCs. In Scheme 1, a simplified model of DC CFC-2 installed on branch 13 and branch 34 is shown in Fig. 6 . Line current, i 34 , is in the opposite direction as i 13 and i 3 . When i 13 increases (decreases) by discharging (charging) the common capacitor, in order to keep the capacitor voltage constant, i 34 will decrease (increase) by charging (discharging) the common capacitor. This process is realized by the energy exchange between branch 13 and branch 34. When the control objective of i 13 is achieved, i 3 will increase (decrease). The relationship of charging/discharging process of exchanging currents within DC CFC-2 can be expressed as follow.
where, i 13 , i 34 and i 3 are the changes of i 13 , i 34 and i 3 , i C2 is the change of the capacitor current, i C2 . The sum of i 13 and i 34 is always larger than 0. To keep i 3 to be 0, which is usually controlled by the converter station, the amount of i C2 cannot be 0, indicating that u c2 cannot reach an equilibrium with a constant value. Similar, when i C2 is 0, i 3 will not be 0, indicating that i 3 cannot keep constant. The root cause of this case is that the directions of i 13 and i 34 are opposite. Specifically, when i 13 decreases (increases) by charging (discharging) the common capacitor, i 34 increases (decreases) by discharging (charging) the common capacitor. It will cause that the amount of i 3 less (larger) than 0, that is, i 3 cannot be constant.
In Scheme 1, for the problem that the port current and the capacitor voltage cannot be kept constant due to the opposite direction of line current equipped with DC CFC-2. An auxiliary control strategy for weakening the current conflict of multi-lines under the energy exchange of DC CFC is proposed in this paper. It can be used to expand the control limits of the DC CFC due to the confliction of multiple DC currents, which effectively improves the dynamic behaviors of the DC CFC and the stability of the M 2 TDC grid. The proposed auxiliary control strategy is shown in Fig. 7 in detail.
When the control objective of i 13ref changes, in order to achieve the control objective of DC CFC-2 while maintain stable operation of the M 2 TDC, the control objective of DC CFC-1 needs to be modified to assist DC CFC-2 to achieve the new control objective. This process requires a communication interaction between two DC CFCs. Since DC CFC-1 and DC CFC-2 are in the same M 2 TDC grid with coupling effect, similarly, when the control objective of i 12ref changes, DC CFC-2 also needs to make adjustment of its control objective to assist DC CFC-1 to achieve the new control objective. In addition, when the port current at the terminal changes, e.g. i 1ref changes (the analysis method is similar as that when i 2ref and i 3ref change), the two DC CFCs need to adjust control objectives at the same time to achieve the new control objectives while maintain stable operation of M 2 TDC grid. Thus, the current references of the lines equipped with DC CFCs is directly influenced by the communication interactions between the two DC CFCs, which is presented as follows.
where, i 12ref , i 13ref , i 2ref and i 3ref are the current references of the lines equipped with DC CFCs and the ports, without the auxiliary control. i 12ref −pro , i 13ref −pro , i 24ref −pro and i 34ref −pro are the current references with the auxiliary control strategy. i 12ref , i 13ref , i 1ref , i 2ref and i 3ref are the changes of the line currents and port currents. In addition, k ij (i = 1, 2; j = 1, 2, 3, 4) are the variation factors of the line currents and port currents on i 12ref and i 13ref . In Scheme 1, due to the issue that the current directions (i 13 , i 34 ) of the lines equipped with DC CFC-2 are different from that of i 3 , effective control cannot be achieved only with the generalized voltage-droop control strategy, necessitating the combination of the auxiliary control strategy. The combination of the generalized voltage-droop control and the auxiliary control forms a coordinated control strategy proposed in this paper. The auxiliary control strategy relies on the communication between the two DC CFCs. The control performance depends on the selection of variation factors, k ij . However, in Scheme 2, the current directions (i 12 , i 24 /i 13 , i 14 ) of the lines equipped with two DC CFCs are consistent with those of the port currents (i 2 /i 1 ). Thus, when the current references change, effective control of the line currents can be achieved by charging/discharging of the capacitor, without the need of combining an auxiliary control strategy. Hence, in comparison with Scheme 1, Scheme 2 has the superiority of less complexity and easier implementation. In addition, it can accurately track the current references without the support of communication requirement and without the need of modifying the current references of the other DC CFC.
IV. COMPARATIVE ANALYSIS OF SIMULATION
In order to verify the effectiveness of the control strategies for multiple DC CFCs with two COP schemes proposed in this paper, two four-terminal M 2 TDC systems containing two DC CFCs are established on the PSCAD/EMTDC, as shown in Fig. 2 and Fig. 3 . The dynamic behaviors of DC CFCs with the two COP schemes are analyzed. The system parameters are provided in Table 1 and Table 2 . The control references of DC CFCs are listed in Table 5 . In this paper, five simulation cases are conducted and the arrangement of the cases is shown in Table 6 . The maximum margin of the step changes allowed while maintaining stable operation of the system is considered as an evaluation index. Dynamic behaviors of DC CFCs with the proposed two COP schemes for different step responses are analyzed as follow. 
A. STEP CHANGES OF I 12REF
Initially, both DC CFCs are in the bypass state. At 1 s, both DC CFCs are activated and i 12ref is 0.175 kA. At 2 s, i 12ref rises to 0.3 kA. At 4 s, i 12ref drops to 0 kA. For clearer display of simulation results, the positive direction of i 12ref is defined as exporting from T 2 to T 1 , which is same represented in the following four cases. The simulation results of Case 1, i.e. step changes of i 12ref , are demonstrated in Fig. 8, Fig. 9 and Fig. 10 , where Fig. 8 presents the dynamic behaviors with Scheme 1, Fig. 9 presents the dynamic behaviors with Scheme 2, and Fig. 10 presents the comparison. As explained in Section III, the auxiliary control strategy must be added in Scheme 1 to achieve effective control of line currents in the M 2 TDC grid. Fig. 8 shows that when i 12ref rises to 0.3 kA at 2 s, i 13ref rises to 1.01 kA accordingly due to the auxiliary control so as to assist the step changes of i 12ref . At 4 s, when i 12ref drops to 0 kA, i 13ref drops to 0.86 kA accordingly. The capacitor voltage u c1 has overshoots of 0.4 kV and 0.7 kV at 2 s and 4 s, while u c2 has an overshoot of 0.35 kV at 4 s. Both u c1 and u c2 resume their references of 5 kV and 2 kV after the step changes. In Scheme 2, DC CFC-1 and DC CFC-2 can achieve independent control without adding the auxiliary control and only the generalized voltage-droop control is applied. As demonstrated in Fig. 9 , when i 12ref changes at 2 s and 4 s, i 13 at 2 s and 4 s, while u c2 has almost no overshoots. Hence, the overshoots of the capacitor voltages in Scheme 2 become significantly smaller than those in Scheme 1. Fig. 10 presents the response of i 13 under step changes of i 12ref . In Scheme 1, in order to achieve effective control of the line currents, i 13 compensates for 0.06 kA and 0.09 kA respectively at 2 s and 4 s. Hence, in Scheme 1, the dynamic behavior of i 13 is directly affected by the change of i 12ref . However, in Scheme 2, i 13 is completely independent from i 12 . A more detailed analysis shows that the operation range of the step changes of i 12ref allowed while maintaining stable operation of the system is both 0∼0.35 kA, i.e. the maximum margin of both COP schemes in Case 1 is 0.35 kA. However, in comparison with Scheme 1, Scheme 2 has the superiority of less complexity, easier implementation and better control performance.
B. STEP CHANGES OF I 13REF
Initially, both DC CFCs are activated and i 13ref is 0.95 kA at 1 s. At 2 s, i 13ref drops to 0.9 kA. At 4 s, i 13ref rises to 1.0 kA. The simulation results of Case 2, i.e. step changes of i 13ref , are demonstrated in Fig. 11, Fig. 12 and Fig. 13 , where Fig. 11 presents the dynamic behaviors with Scheme 1, Fig. 12 presents the dynamic behaviors with Scheme 2, and Fig. 13 presents the comparison. As shown in Fig. 11 , with Scheme 1, when i 13ref drops to 0.9 kA at 2 s, i 12ref drops to 0.05 kA accordingly due to the auxiliary coordinated control so as to assist the step changes of i 13ref . At 4 s, i 13ref rises to 1 kA, i 12ref rises to 0.3 kA accordingly. The capacitor voltage u c1 has overshoots of 0.3 kV and 0.6 kV at 2 s and 4 s, while u c2 has an overshoot of 0.1 kV at 4 s. Both u c1 and u c2 resume their references of 5 kV and 2 kV after the step changes. As demonstrated in Fig. 12 , when i 13ref changes at 2 s and 4 s, i 12 remains unchanged with Scheme 2. The capacitor voltages, u c1 and u c2 , have almost no overshoots. Fig. 13 presents the response of i 12 under step changes of i 13ref . In Scheme 1, in order to achieve effective control of the line currents, i 12 compensates for 0.125 kA respectively at 2 s and 4 s. Hence, in Scheme 1, the dynamic behavior of i 12 is directly affected by the change of i 13ref . However, in Scheme 2, i 12 is completely independent from i 13 . A more detailed analysis shows that, in Scheme 1, the operation range of the step changes of i 13ref allowed while maintaining stable operation of the system is 0.9∼1.0 kA, i.e. the maximum margin of Scheme 1 in Case 2 is 0.1 kA. While the operation range of the step changes of i 13ref with Scheme 2 in Case 2 is 0∼1.7 kA, i.e. the maximum margin is 1.7 kA, which is ten times than that of Scheme 1. Therefore, Scheme 2 is better than Scheme 1.
C. STEP CHANGES OF I 1REF
Initially, both DC CFCs are activated and i 1ref is 1.72 kA at 1 s. At 2 s, i 1ref drops to 1.55 kA. At 4 s, i 1ref rises to 1.89 kA. The simulation results of Case 3, i.e. step changes of i 1ref , are demonstrated in Fig. 14, Fig. 15 and Fig. 16 , where Fig. 14 presents the dynamic behaviors with Scheme 1, Fig. 15 presents the dynamic behaviors with Scheme 2, and Fig. 16 presents the comparison. their references of 5 kV and 2 kV after the step changes. As demonstrated in Fig. 15 , when i 1ref changes at 2 s and 4 s, i 12 remains unchanged with Scheme 2. The capacitor voltages, u c1 and u c2 , have almost no overshoots. Hence, the overshoots of the capacitor voltages in Scheme 2 become significantly smaller than those in Scheme 1. Fig. 16 presents the response of i 12 under step changes of i 1ref . In Scheme 1, in order to achieve effective control of the line currents, i 12 compensates for 0.125 kA respectively at 2 s and 4 s. Hence, in Scheme 1, the dynamic behavior of i 12 is directly affected by the change of i 1ref . However, in Scheme 2, i 12 is completely independent from i 1 . A more detailed analysis shows that, in Scheme 1, the operation range of the step changes of i 1ref allowed while maintaining stable operation of the system is 1.55∼1.89 kA, i.e. the maximum margin of Scheme 1 in Case 3 is 0.34 kA. While the operation range of the step changes of i 1ref with Scheme 2 in Case 3 is 0.775∼3.6 kA, i.e. the maximum margin is 2.825 kA, which is eight times than that of Scheme 1. Therefore, Scheme 2 is better than Scheme 1.
D. STEP CHANGES OF I 2REF
Initially, both DC CFCs are activated and i 2ref is 0.35 kA at 1 s. At 2 s, i 2ref rises to 0.9 kA. At 4 s, i 2ref drops to 0.175 kA. The simulation results of Case 4, i.e. step changes of i 2ref , are demonstrated in Fig. 17 and Fig. 18 , where Fig. 17 presents the dynamic behaviors with Scheme 1, and Fig. 18 presents the dynamic behaviors with Scheme 2.
Both in two COP schemes, DC CFC-1 and DC CFC-2 can achieve independent control without adding the auxiliary control and only the generalized voltage-droop control is applied. Fig. 17 and Fig. 18 demonstrates that, when i 2ref changes at 2 s and 4 s, i 12 remains unchanged and i 24 fully takes on the change of i 2 . Both in two schemes, u c1 and u c2 have almost the same overshoots. A more detailed analysis shows that the operation range of the step changes of i 2ref allowed while maintaining stable operation of the system is both 0.175∼2.5 kA, i.e. the maximum margin of both COP schemes in Case 4 is 2.325 kA.
E. STEP CHANGES OF I 3REF
Initially, both DC CFCs are activated and i 3ref is 0.67 kA at 1 s. At 2 s, i 3ref rises to 0.9 kA. At 4 s, i 3ref drops to 0.5 kA. The simulation results of Case 5, i.e. step changes of i 3ref , are demonstrated in Fig. 19, Fig. 20 and Fig. 21 , where Fig. 18 presents the dynamic behaviors with Scheme 1, As shown in Fig. 19 , with Scheme 1, when i 3ref rises to 0.9 kA at 2 s, i 12ref rises to 0.257 kA and i 13ref rises to 1.065 kA accordingly due to the auxiliary coordinated control so as to assist the step changes of i 3ref . At 4 s, i 3ref drops to 0.5 kA, i 12ref drops to 0.107 kA and i 13ref drops to 0.865 kA accordingly. The capacitor voltage u c1 has an overshoot of 0.25 kV and 0.5 kV at 2 s and 4 s, while u c2 has an overshoot of 0.2 kV at 4 s. Both u c1 and u c2 resume their references of 5 kV and 2 kV after the step changes. As demonstrated in Fig. 20 , when i 3ref changes at 2 s and 4 s, i 12 and i 13 both remain unchanged with Scheme 2. The capacitor voltage u c1 has almost no overshoots, while u c2 has an overshoot of 0.2 kV at 2 s. Hence, the overshoots of the capacitor voltages in Scheme 2 become significantly smaller than those in Scheme 1. Fig. 21 presents the responses of i 12 and i 13 under step changes of i 3ref . In Scheme 1, in order to achieve effec- tive control of the line currents, i 12 compensates for 0.09 kA and 0.07 kA respectively at 2 s and 4 s, and i 13 compensates for 0.12 kA and 0.08 kA respectively. Hence, in Scheme 1, the dynamic behaviors of i 12 and i 13 are directly affected by the change of i 3ref . However, in Scheme 2, i 12 and i 13 are completely independent from i 3 . A more detailed analysis shows that, in Scheme 1, the operation range of the step changes of i 3ref allowed while maintaining stable operation of the system is 0.2325∼1.1075 kA, i.e. the maximum margin of Scheme 1 in Case 5 is 0.875 kA. While the operation range of the step changes of i 3ref with Scheme 2 in Case 5 is -0.15∼2.2 kA, i.e. the maximum margin is 2.35 kA, which is three times than that of Scheme 1. Therefore, Scheme 2 is better than Scheme 1. 
V. DISCUSSIONS
According to the theoretical analysis and simulation results, the maximum margins of step changes with the two COP schemes are compared, as shown in Table 7 . In addition, the overshoots of u c1 and u c2 with two COP schemes are compared, as illustrated in Table 8 . According to the comparisons in Table 7 and Table 8 , the following judgements regarding the maximum control margins and voltage overshoots can be obtained.
• The control margins of Scheme 2 are much larger than those of Scheme 1 in most cases, particularly in a certain case, the control margin of Scheme 2 is ten times than that of Scheme 1. Nevertheless, in several cases, the control margins of both schemes are the same;
• The overshoots of u c1 and u c2 with Scheme 2 is much smaller than those with Scheme 1, particularly in certain cases, the overshoots with Scheme 2 are close to 0.
Nevertheless, in several cases, the overshoots of both schemes are almost the same.
VI. CONCLUSION
Regarding the fact that a single DC CFC cannot achieve the full controllability of the current flow in complex M 2 TDC grids, in this paper, two COP schemes of multiple DC CFCs in M 2 TDC grids have been proposed. The topological structure of the M 2 TDC grids with integrations of DC CFCs has been described. The control constraints of DC CFCs under specific positions, when the current directions of the lines equipped with DC CFCs are different with the direction of the port current, have been analyzed. The control performance of the DC CFCs under the specific position has been qualitatively revealed and the necessity of adding an auxiliary control strategy has been explained. A coordinated voltage-control strategy, which combines the generalized voltage-droop control and auxiliary control, has been proposed. Four-terminal M 2 TDC grids with two COP schemes of two DC CFCs have been established on PSCAD/EMTDC. The control performance of DC CFCs under step changes of currents in the M 2 TDC grids has been analyzed. The merits and drawbacks of two COP schemes with proposed control strategies have been evaluated. Theoretical analysis and simulation results have shown that when the current directions of the lines equipped with DC CFCs are the same as the direction of the port current (Scheme 2), only the generalized voltage-droop control needs to be applied and effective control of the line currents in the M 2 TDC grid can be achieved. This scheme has the superiority of less complexity and easier implementation. However, when the current directions of the lines equipped with DC CFCs are different from the direction of the port current (Scheme 1), the addition of an auxiliary coordination control is essential so as to achieve effective control of the line currents. The structure of the control system in the latter scheme is more complicated and its implementation becomes more difficult. In addition, the dynamic behaviors of the voltages/currents and control margins with the latter scheme are not as desired as those with the former one. Thus, the optimized COP scheme (Scheme 2) for multiple DC CFCs used in M 2 TDC grids has been justified.
